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Abstract  The phenomenon of elastic follow-up in high temperature piping has a long history and rules to limit its 
significance in design are well established. However, most design rules, and numerous associated supporting studies, 
have been limited to a simple power-law of creep, with variations to account for time- or strain-hardening in primary 
creep. A common feature of the most studies of elastic follow-up in structures subject to power-law creep is that a plot of 
(maximum) stress against strain – a so-called isochronous stress-strain trajectory – is almost insensitive to the creep law 
(in particular the stress exponent in the power law) and is almost linear (until perhaps the later stages of stress relaxation). 
A limitation of the power-law is that it is assumes to be valid across all stress ranges, from low through moderate to high, 
yet it is well known that this is not generally the case. This paper aims to investigate the effect of stress range dependent 
material models on the nature of elastic follow up: both a simple two-bar structure (common in studies of elastic follow-
up) and a detailed finite element analysis of a piping elbow are examined. It is found that stress range dependent material 
models can have a significant effect on the accepted characteristics of elastic follow-up. 
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1 Introduction 
Early studies of creep in high temperature piping systems assumed the rather simple view that in an 
essentially ‘deformation-controlled’ structure, the strain levels should remain almost constant so that 
the stresses resulting from relaxation due to creep would be less than the initial elastic stress. 
However, in a 1955 paper, Robinson [1] noticed that despite being deformation controlled, simple 
piping components and expansion loops could exhibit large creep strain concentrations – he called 
2 
this behavior ‘follow-up elasticity’. Elastic follow-up shows the tendency of certain structural 
configurations to maintain stress in a highly strained component through an elastic action even 
though the overall stresses relax – thereby slowing down the expected rate of creep relaxation.  
Several authors made various attempts to estimate the amount of accumulated creep strain, but it was 
not until Severud [2] and then Dhalla [3] proposed a method wherein a plot of stress against strain as 
a system relaxes (usually called a ‘stress-strain trajectory’ or an ‘isochronous curve’ – both will be 
used here) could be estimated by a series of elastic analyses. They found that the trajectory showed 
decreasing stress and increasing strain in such a way that the plot was almost linear. A more 
complete historical overview of the development of approaches to the estimation of elastic follow-up 
up to 1987 was given by Boyle & Nakamura [4]. Research on elastic follow-up has continued over 
the years: two recent studies are relevant to the present work.  Kasahara [5] analyzed elastic follow-
up in structural discontinuities, extending previous work to include plasticity in addition to creep. To 
begin with, a simple two-bar structure (first introduced in that form by Naugle [6] and  Boyle & 
Nakamura [4]) was analyzed to demonstrate the independence of elastic follow-up on the plastic or 
creep law followed by an inelastic finite element analyses of an axisymmetric Y-piece under thermal 
loading. Various creep laws were used and it was demonstrated that in terms of quantifying elastic 
follow up “ … the structures have the unique characteristic of being insensitive to the creep strain 
equations …” [5, Sec.2.2].  Hadidi-Moud & Smith have written a series of papers [7,8,9] which 
extend the simple two-bar structure several similar simple  ‘benchmark’ bar  structures in an 
investigation into the relaxation of residual stress in a range of structural components. The concept of 
an ‘elastic follow-up factor’ from R5 [10] is further developed and the authors noted that the factor 
“… is independent of the creep law and is reflecting a purely geometrical effect …” [9, p363]. The 
majority of studies of the characteristics of elastic follow-up (the exception being the work of 
Kasahara [5] ) simply use a secondary creep law combined with elastic behavior. The usual reason is 
that the magnitude of the creep strain accumulation due to elastic follow-up resulting from a (highly) 
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nonlinear creep law is the main aim of the investigation. The effect of primary creep, or stress 
recovery, could be included by including a time- or strain- hardening model, or some suitable 
function to represent time variation. However such time functions are usually removed in studies of 
elastic follow-up since they can be (mathematically) removed by redefining the timescale (as will be 
seen later in this study).  The most common secondary creep constitutive model used in elastic 
follow-up studies has been the Norton-Bailey Law which gives a power-law relationship between 
minimum creep rate and (constant) stress. The unique mathematical properties of the power-law 
permitted the development of  simplified methods for the estimation of elastic follow-up, many of 
which can be found in high temperature design codes. Recently Naumenko et al [11] have studied 
the effect of including a linear viscous component to the power-law on several simple components. 
One particular problem was that of a single bar under stress relaxation. They discovered that during 
stress relaxation the viscous component could dominate thus giving stress relaxation curves wholly 
different from those usually associated with a power-law alone. The author [12] later examined the 
possible effect of the unexpected behavior resulting from the inclusion of a linear viscous component 
of the secondary creep law to a study of elastic follow-up. Again it was found that the linear 
component had a significant effect. The modified power-law is of a type usually referred to as a 
‘stress range dependent’ creep law since its nature varies with the level of stress, typically giving 
different behavior at low, medium and high stress – a feature not found with the conventional power-
law, but which can be found in other secondary creep laws in the literature. The aim of this study is 
to examine whether the accepted characteristics of elastic follow-up, which form the basis of many 
design approaches – in particular the near insensitivity to creep law – are retained for other stress-
range dependent creep laws. 
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2. Stress range dependent creep laws 
Constitutive modeling for creep usually takes one of two approaches: either using semi-empirical 
models based on constant load uniaxial creep tests, or a less common approach, often based on 
materials science or thermodynamics, which leads to models which are based on various internal 
variables and require additional forms of creep test. It may be argued that no specific dominant 
approach has appeared over the past few decades (for example compare the monographs by Boyle 
[13], published in 1983, with that of Altenbach & Naumenko [14] published in 2007). The design 
engineer, even if using advanced finite element analysis, will tend to adopt material creep models of 
the semi-empirical kind. In this approach the result of a single uniaxial test at constant load and 
constant temperature will give rise to the ‘standard creep curve’ [13,14] representing strain as it 
varies with time, consisting of a primary phase where strain rate is decreasing, followed by a 
secondary phase, where strain rate is constant, and finally a tertiary phase where strain rate increases 
followed by rupture. Typically total strain is presumed to be composed of an elastic response added 
to a creep response such that constitutive modeling focuses on a suitable creep law, usually in rate 
form where creep strain rate is a function of stress, temperature and possibly creep strain. Using the 
semi-empirical approach, the primary and secondary phases are treated separately for modeling 
purposes. Despite considerable effort, no general agreement has been reached on an equation form 
which satisfactorily represents the primary phase (see Wilshire & Owens [15]). Therefore, assuming 
that the mechanism of creep is the same for both primary and secondary creep, most approaches to 
material modeling for creep have concentrated on the secondary phase where strain rate is constant 
(‘steady creep’) with a simple adjustment to include primary creep – for example the time- hardening 
or strain- hardening models [13 , 14] wherein a function of time or a function of strain respectively 
augments the steady state model. This is the approach available in most nonlinear finite element 
software. 
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It has been found that over stress ranges where the creep strain rate is high, the relation between 
creep strain rate, c , and stress, , at constant temperature, can be well represented by a power-law 
relation 
n
c B                                                                      (1) 
where B and n are material constants. The stress exponent, n, represents the gradient of a plot of 
log against log c and its value can vary from unity to as much as 40 depending on the material and 
test conditions. Even though the power-law is the most commonly used by design engineers it is only 
valid over a certain stress range: it has long been known that stress exponent can change at low stress 
and at higher stress – for example, in 1943 Robinson [16] published results of creep tests that lasted 
for 100,000hrs (12 years) which showed that the creep law altered throughout this period. At strain 
rates above 10-5 s-1 a rapid increase in n occurs with increasing stress – a phenomenon known as 
‘power-law breakdown’. Thus, at higher stresses an exponential form would be more reasonable 
exp( )c B A   
In this form, linearity is obtained in plots of log against log c . The main disadvantage of this 
expression is that it predicts a nonzero creep rate for a corresponding zero stress: naturally many 
loaded creeping structures can have areas of zero stress, for example a simple beam in bending. For 
this reason, the variation proposed by Soderberg [17] 
(exp( ) 1)c B A                                                         (2) 
is preferred. Another way of overcoming this is to use a hyperbolic sine relationship (for example 
Prandtl [18] among others) 
sinh( )c B A                                                          (3) 
6 
which, for low stress, corresponds approximately to a linear dependence on stress, while at higher 
stress it approximates the exponential form, Eq.(2). The hyperbolic sine law, Eq.(3), was examined 
by McVetty [19] who concluded that it was more accurate than the power-law from an examination 
of a large amount of experimental data. Nadai & McVetty [20] also provided a thorough analysis of 
the characteristics of Eq.(3), but they also pointed out that the power-law was inconsistent: assuming 
1 n   , the ratio cd d  becomes finite as the stress, and consequently the strain rate, approaches 
zero. This infers an infinite viscosity which is inconsistent from a physical point of view. Later, 
Garofalo [21] combined the power-law and hyperbolic sine law in the form 
(sinh( ))nc B A                                                        (4) 
Steady state creep laws for constant temperature such as Eqs.(1)-(4) are generally referred to as 
‘stress range dependent’: there are other examples in the literature – three in particular will be 
examined briefly and used later: 
Lemaitre and Chaboche [22] suggested a modification of the power-law in the form 
1exp( )n nc B A                                                         (5) 
This corresponds to a power-law whose stress exponent is 
1( 1) nn A n     
so that the exponent varies between n for small stress and infinity for large stress. They showed that 
this model agreed well with some experimental observations. 





     

                                                      (6) 
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where 0 0 ,  and n  are material parameters. This stress dependent creep law models power-law 
behavior at high stress and linear viscous behavior at low stress. A more detailed study of the 
characteristics of this creep law for steady creep has been given by the author [23]. Naumenko et al 
[11] noted that for a bar under pure relaxation the behavior was quite unusual and wholly different 
from that found when using a power-law; this characteristic was examined further by the author [12], 
showing that the linear viscous component dominated under stress relaxation. 
Finally, recently there has been renewed interest in secondary creep laws derived from rupture data 
(for example see the review by Holdsworth [24]). Holdsworth et al [25] also investigated the 
performance of a wide range of creep models on a number of creep datasets. No one creep model 
was identified as having the best performance in terms of representing the creep data over all three 
stages of creep and they concluded that ‘….. as a generality, it is more important for design and 
assessment engineers for the model equation to be simple to implement and effective in its 
description of creep deformation at long times …”. An example of such a creep model was Bolton’s 
Characteristic Strain Model (CSM) [26] which uses a minimum of creep data –  two values of 
rupture strength from creep rupture data in the tertiary creep regime and, from the primary/secondary 
regime of a single creep test,  the stress required to bring the material to a ‘characteristic strain’, 
nominally half the value of creep strain at rupture. Although the CSM is simple, it was shown [25] to 
achieve satisfactory predictions of creep strain at constant stress over all three stages of creep 
deformation in comparison with more complex creep models. The Characteristic Strain Model can be 





   
                                                           (7) 
where, in this case, ch and R are interpreted as material parameters which should have some kind of  
best-fit to a minimum creep rate/stress curve. The CSM is also a stress dependent creep law. 
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As an example of the manner in which the secondary creep laws given in Eqs.(1)-(7) secondary 
creep data from Evans et al [28] will be examined briefly. Fig.1 shows a plot of log minimum creep 
rate against log stress from uniaxial creep testing of an austenitic AISI 316 L(N) 550-650C. Three 
distinct regions can be seen: at low stress the slope of the line is such that the slope corresponds to n 
= 1, followed by a region where the slope corresponds approximately to n = 4 and a final region of 
high stress where the slope increases to n = 12, indicating power-law breakdown. Attempts were 
made to fit each of the basic models Eqs.(1)-(6) to this data: essentially an exercise in nonlinear 
curve fitting. The basic data shown in Fig.1 was normalized using: 
81.0 10 (1/ )        100norm norms MPa     
The nature of this particular dataset made this difficult using conventional nonlinear regression 
software (Origin Pro & MATLAB), even with statistical weighting, since the high stress data 
dominates. Instead an interactive curve fitting software [29] was used which allowed visual variation 
of the fitted curves. Results are shown in Fig.2. Of course a single power-law model is inadequate for 
this dataset: indeed the Garofalo model is also a poor fit over the whole stress range with the 
Naumenko model poor at intermediate stress levels. However, the Prandtl, Soderberg and Lemaitre-
Chaboche models can give good visual fits. The Characteristic Strain Model, basic curve fitting of 
this nature, applied to this particular dataset, was also difficult: but can be done with other datasets 
[27] (although it should be emphasized the CSM is not intended to be used in this way, being derived 
from rupture data). 
 
3. Elastic follow-up in a two-bar structure 
Many discussions of the problem of elastic follow-up introduce the simple problem of a two-bar 
structure [4, 6]. Consider two bars in series as shown in Fig.3: both have the same length L but 
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different cross sectional areas, A1 and A2 where 2 1A A . The structure is fixed at one end and subject 
to a constant applied displacement,, at the other end. It is assumed that both bars are composed of 
the same material with Young’s modulus, E, and a constitutive equation which is composed of an 




   
     
                                                          (8) 
In the above  represents stress and ,  stress rate and strain rate respectively; 0 is a material 
constant, 0( / )g    represents the nonlinear dependency of the creep law on stress, derived from a 
steady state creep law, while 0 ( )t is a material function, dependent on time and representing some 
time-hardening or appropriate stress recovery/relaxation behavior – this does not need to be specified 
explicitly in the following analysis. 
If the stresses in bars 1 and 2 are given by 1 and 2 respectively then from equilibrium 
1 1 2 2A A                                                                    (9) 
Further, if 1 2 and    represent the strain rates in bars 1 and 2, then from compatibility 
1 2 0                                                               (10) 
It can be readily shown by combining Eqs. (8)-(10) and eliminating 1  that 
2 2 2
2 2 2
1. .(1 ). . . . 0(0) ( ) (0) (0)g gt
         
            
                    (11) 
where, 2 1A A  , 0
0
( )( ) E tt  
  and 2
0
(0)  . 
Eq.(11) can be simplified further by introducing  a normalized timescale,  , 
0
0
( )E t dt     
then Eq.(11) becomes 
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 1 1. . ( . . ) ( . ) 01
dS g S g Sd                                           (12) 
where a normalized stress 2
2
( )( ) (0)S
    is introduced with 2 (0)  the initial elastic value of the 
stress in bar 2. 
By taking the constitutive equation for bar 2, combining with Eq.(12), and normalizing as in the 
preceding it may be shown on introducing a normalized strain, 2
2
( )( ) (0)E
   , with 2 (0) the initial 
elastic value of strain in bar 2, that 
 1 1 1. ( . ) . . ( . . ) ( . )1
dE g S g S g Sd                                   (13) 
The coupled evolution equations, Eqs. (12) & (13) can be solved subject to the initial conditions 
(0) 1  ,  (0) 1S E                                                          (14) 
The solution of Eqs.(12)-(14) depends on two parameters, α, which can be interpreted as a load 
factor, and β, which can be interpreted as a geometry factor and the form of the nonlinear stress 
dependency of the creep law, g, from Section 2. In the following study these will be varied. 
It is instructive to examine the solution of Eqs.(12)-(14) for the power-law, Eq.(1), which takes the 
form 
( ) ng s s                                                               (15) 
Substituting Eq.(1) into Eqs.(12)-(14) leads to a closed form solution 
( ) 1 ( 1)(1 ( ))E S                                                      (16) 
where 11 n
 
  . It should be noted that, for the power-law, the relationship between normalized 
strain, E, and stress, S, is independent of the load factor, α. Further the isochronous normalized 
stress-strain curve given by Eq.(16), as shown in Fig.4, is a straight line and as 
,    ( ) 0  and ( )S E       . It should also be noted that for values of n>5, the parameter  is 
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almost independent of n with (1 )   as n  . This was first noted by Boyle and Nakamura 
[4] and many following studies [4-9] have demonstrated that the isochronous stress-strain curve is 
almost independent of n when using a power-law. 
 
The present study aims to determine if independence of the creep law and/or load factor carries 
through to other forms of the function g other than the power-law, from Section 2. With the above 
normalization these take the form: 
 
Power-law ( ) ng s s  
Soderberg ( ) exp( ) 1g s s   
Prandtl ( ) sinh( )g s s  
Garofalo ( ) (sinh( ))ng s s  
Naumenko ( ) ng s s s   
CSM 1( ) 1 1
g s
s
     
 
Lemaitre-Chaboche 1( ) exp( )n ng s s s   
 
It is important to realize that the normalizing material functions 0 0and ( )t  are not the same for 
each creep model so that the results which follow are not quantitatively comparable, but they are 
qualitatively comparable in terms of the effect of each different form of the function g. Similarly the 
parameter n may not be the same in each case. It should also be noted that the Lemaitre-Chaboche 
model requires an additional parameter, . 
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Results are shown in Fig.5. Stress-strain trajectories for the Soderberg, Prandtl and Characteristic 
Strain models are given in Figs.5(a), 5(b) and 5(c) respectively for various values of the load factor,  
. As discussed above, these load factors are not necessarily comparable for each creep model, but 
serve to indicate the effect increasing the load factor has on the stress-strain trajectories. These three 
models also do not require any additional material parameters. For each of these three models, it can 
be seen that, unlike the power-law in Fig.4, there is a strong dependency on the load factor. In 
addition, as time increases, the linear dependency at low stress becomes apparent as the rate of strain 
accumulation slows down. A similar behavior was found previously by the author [12] for the 
Naumenko creep model, Fig.5(d) (the particular case of  n = 5 only is given in this diagram, 
reference should be made to [12] for a more detailed discussion). The stress-strain trajectories for 
Garofalo’s creep model are shown in Figs.5(e) and 5(f) for n = 3 and n = 5 respectively again for 
various values of the load factor. It can be seen again that the trajectories depend upon the load 
factor, but this seems to reduce as the value of the power exponent, n, increases. Similar behavior 
can be found in the case of the Lemaitre-Chaboche creep model as shown in Figs.5(g) and 5(h) for 
 n = 3 and n = 5 respectively for various values of the load factor. (In the Lemaitre-Chaboche model, 
some value of the additional material parameter, µ, is required: from curve fitting various sets of 
creep data, for example from Fig.2, a nominal value of µ = 3, was used). 
 
The main conclusion from this study of a simple structure for various creep laws is that there can be 
a strong dependency on the form of the creep law and on the load factor. This has not been evident in 
most previous studies reported in the literature since most have been limited to the power-law, often 
with time- or strain- hardening added, since in that case the normalized stress-strain trajectory (with 
the normalization being simply the ratio of stress or strain at some instant to the corresponding initial 
values) is almost independent of the power exponent and independent of any load factor. Of course, 
the instantaneous values of accumulated strain and relaxed stress certainly do vary with load factor 
13 
or creep law. However, the near independence of the stress-strain trajectory on creep law or load 
factor has been used to allow rough estimation of the amount of elastic follow-up, e.g. [2]-[9]. 
 
4. Elastic follow-up in a piping elbow 
As a more complex example, elastic follow-up in a piping elbow, as studied by Nakamura and Boyle 
[30], will now be examined. Amongst several piping configurations examined in [30], the simplest 
was a 90 pipe bend terminated by equal length straight pipes; each tangent pipe has length 5588mm 
(using the original units), the pipe mean cross sectional radius is 279.4mm, with thickness 9.5mm 
and the ratio of bend radius to mean cross sectional radius is 3:1; the elastic modulus is taken as 
1600kg/mm2. The end of the vertical tangent pipe is fixed, while the end of the horizontal tangent 
pipe is subject to a downward applied displacement of 100mm. In the original paper this elbow was 
analyzed using ABAQUS pipe bend and beam elements using a creep power-law 
n
c B                                                                             (17) 
where B = 1.39710-11 (in appropriate units) and n = 4.57 only, but the results were compared to the 
simplified methods of Severud [2] and a ‘generalized’ creep model [4]. The Severud approximate 
method and the generalized creep model results compared very well, and gave straight lines in an 
isochronous stress-strain trajectory. However they differed over time from the ABAQUS finite 
element results, which did not give a linear stress-strain trajectory, rather it showed a lower strain 
accumulation initially then gradually increasing at later times: this result will be re-examined later 
here. 
 
This example piping elbow was re-modeled in ANSYS using a half model as shown in Fig.6, using 
high-order SHELL281 elements. In each analysis the downward applied displacement to the 
horizontal tangent is the same, so the possible effect of any ‘load factor’, as studied in the two-bar 
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structure, is not examined. Rather the effect of the form of the creep law on elastic follow-up will be 
examined, using the power-law, Eq.(1), and hyperbolic sine (Prandtl) law, Eq.(3), only, since these 
seem to be the ‘extreme’ cases from Sec.3. 
 
Normalized (with respect to initial elastic values) stress-strain trajectories for the power law are 
shown in Fig.7. These values are obtained from the local hoop stress and strain on the outside surface 
where the initial elastic strain is maximum (at 45 to each tangent around the pipe bend and 90 from 
the x,y -plane around the pipe cross section for in-plane bending) in each case analyzed. Results are 
shown for the power-law in Fig.7 and the hyperbolic sine law in Fig.8. Various values of the material 
parameters A and n were used, with B = 1.39710-11  in each case, however an n value of 4.57 was 
used to compare the power-law results, Fig.7, with the ABAQUS results from Nakamura and Boyle 
[3] and the approximate models, which are also shown. Other values of n were chosen arbitrarily, 
while the values of A in the hyperbolic sine law were based on approximations to the power law. 
 
It can be seen from Fig.7 that the stress-strain trajectory is practically independent of the exponent, n, 
in the power law but only up to a normalized stress relaxation of about 40% from the initial. 
Thereafter there is some divergence. The new ANSYS full shell results are different from those 
reported in [40], indicating that there is a greater degree of elastic follow-up, in the sense that for a 
given level of stress relaxation there is a greater accumulation of strain. This can most likely be 
explained by the basic nature of the original ABAQUS elbow model, which consisted of beams for 
half of each straight pipe, four ELBOW31 linear interpolation pipe elements for the remainder of the 
straight pipe, close to the pipe bend, and three ELBOW31 pipe elements for the pipe bend itself. 
Perhaps surprisingly, the simplified methods reported in [30], based on ‘generalized inelastic beam 
models’ [4] and Severud’s approximation [2], show good agreement with the new ANSYS results in 
the initial stages. Nevertheless, these results for the power law do not greatly contradict the 
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conventionally accepted characteristics of elastic follow-up. However, from Fig.8, it can be seen that 
the results for the Prandtl hyperbolic sine material model are significantly different. There is a strong 
dependency on the material parameter, A. For higher values of A the initial results are similar to 
those for the power law, but for lower values, where the relation between creep strain and stress is 
almost linear, the stress-strain trajectory shows a rapid relaxation of stress, with a small accumulation 
of strain in the later stages, as found for the two-bar structure in Sec.3. 
 
5. Conclusions 
The treatment of elastic follow-up in high temperature structures, and piping systems in particular, 
has hardly changed in the past three decades since the work of Severud [2] and Dhalla [3]. The use of 
approximate ‘elastic follow-up factors’ in design, such as those used in R5 [10] are common. Indeed 
the JSME NC2-2005 [31] similarly treats elastic follow-up through a so-called ‘elastic follow-up 
parameter’, q, unique to each structure, which can be estimated from simplified elastic analysis and 
uniaxial creep data. In fact the JSME standard takes a ‘conservative’ estimate of this factor as q = 3 
for FBR components based on more detailed inelastic studies. Most of the evidence to support these 
types of design rules have been based on analytical, numerical and sometimes experimental studies 
of structures subject to elastic follow-up using a simple power-law relationship between creep strain 
rate and stress. In this paper, through the study of a simple two-bar structure, which is often used as a 
benchmark in investigations of elastic follow-up, and a piping elbow originally examined by 
Nakamura and Boyle [30], it is shown that if stress range dependent creep models – where the model 
takes account of differing behaviors for low, moderate and high stress - are used then the basic 
characteristics of elastic follow-up found for the power-law, can be significantly changed. Although  
‘elastic follow-up factors’ derived from simplified analyses which match with those found for  the 
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Fig. 1 Steady creep of austenitic AISI 316 L(N) 550-650C after [28] 


































Fig. 4 Two-bar structure: isochronous stress-strain curve for a power-law model 
Fig. 3 Simple two-bar structure subject to a fixed axial displacement,  
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Fig. 5a Two-bar structure: isochronous stress-strain curve for Soderberg model 
Fig. 5b Two-bar structure: isochronous stress-strain curve for Prandtl model 
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Fig. 5c Two-bar structure: isochronous stress-strain curve for CSM model 
Fig. 5d Two-bar structure: isochronous stress-strain curve for Naumenko model, n=5 
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Fig. 5e Two-bar structure: isochronous stress-strain curve for Garofalo model, n=3 


























  Fig. 5g Two-bar structure: isochronous stress-strain curve for Lemaitre-Chaboche model, n=3 






















































Fig. 7 Piping elbow: isochronous stress-strain curve for power-law 
Fig. 8 Piping elbow: isochronous stress-strain curve for Prandtl law 
